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A peptidoglycan cell wall determines the shape of nearly all bacteria. The cell
wall, along with the shape that it adopts, is crucial to cellular physiology. The
mechanical integrity and morphology of the cell wall is determined by the
spatiotemporal patterning of cell wall synthesis; therefore a rod-shaped cell
such as Escherichia coli faces the challenge of coordinating the nanoscale pro-
teins responsible for peptidoglycan synthesis to construct a micron-scale
sacculus. What are the principles that allow cell wall synthesis proteins to
establish order over a range of length scales spanning nearly three orders of
magnitude?We approached this question by examining the process of reversion
in cell-wall-deficient ‘L-forms’ of E. coli, in which cell-wall synthesis has dis-
rupted by beta-lactam antibiotics. An L-form undergoing reversion begins in a
spherical shape without an intact cell wall. When cell wall synthesis inhibiting
antibiotics are removed, the cell generates newrod-shaped protrusions,
which eventually undergo septation and adopt the normal rod morphology of
E. coli. The reversion of L-forms thus provides on opportunity to study
morphogenesis in bacteria lacking an intact cell wall. We therefore investigated
the morphological dynamics of the reversion process in L-forms of E. coli, and
simultaneously imaged the localization of MreB, a bacterial actin required for
the rod-like morphology of many bacteria. We found that MreB localizes to
negatively curved regions of the cell (e.g. invaginations), and furthermore tar-
gets cell wall synthesis to those regions. Our results therefore suggest a model
in which the localization of MreB in response to geometric cues is crucial to
morphogenesis in E. coli.
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The Bacterial Brain: Structure and Dynamics of a Bacterial Chemore-
ceptor Array
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The ability of all living things, from single cells to large multicellular organ-
isms, to sense and interpret environmental signals is central to life. Bacteria,
though relatively simple unicellular organisms, have evolved exquisite protein
networks, which they use to detect gradients in certain chemicals in their sur-
roundings and alter their swimming behavior. The head of this protein circuit, a
chemoreceptor array, is a remarkably ordered supramolecular complex
composed of the histidine kinase, CheA; adaptor protein, CheW; and various
methyl-accepting chemotaxis proteins (MCPs). These proteins cluster together
by the thousands at the cell pole. The clustering of receptors within the chemo-
receptor array gives rise to systems-level network properties of bacterial
chemotaxis such as signal amplification, ultrasensitivity, and precise adapta-
tion. We present an all-atom structure, roughly twelve million atoms in size,
of a patch of the chemoreceptor array from the thermophile Thermotoga mar-
itima, refined by electron cryotomography data. Molecular Dynamics simula-
tions reveal inter-protein interactions essential to receptor communication.
Based on insight into the natural structural mobility of the array from normal
modes of the trajectories, steered molecular dynamics was employed to perturb
the lattice at multiple sites mimicking chemoreceptor activation. The results
suggest a molecular mechanism for signal transduction through the array.
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Bacteria display complex, dynamical and cooperative behaviors that are guided
by the mechanical and biochemical environments in which they live. Many
such habitats are isotropic in nature: that is, they possess direction-
independent physical properties. However, bacteria also colonize microenvi-
ronments that have anisotropic properties (e.g., optical, mechanical, and
diffusional anisotropy), including those enriched in collagen, cellulose, chitin,
and the extracellular matrix in bacterial biofilms. Here we report an investiga-
tion of the bacterium Proteus mirabilis dispersed in a model anisotropic visco-
elastic active materials comprised of a lyotropic liquid crystal (LC). We
observed that LC elasticity-mediated forces drive the non-motile as well as
motile P. mirabilis cells to assume orientations in which their long axes are par-
allel with the director of LC. We have studied complex behaviors of the motilebacteria emerging from the interplay of forces generated by the flagella and the
elasticity of the LC and found that in contrast to passive microparticles
(including non-motile bacteria) that associate irreversibly in LCs via
elasticity-mediated forces, motile bacteria formed reversible end-on-end
assemblies in a direction of LC alignment. We have also investigated spatial
variations in the LC orientation to guide the trajectory of bacteria in the LC.
Overall, these observations provide insights into the fundamental dynamical
behaviors of bacteria in complex anisotropic environments and suggest that
motile bacteria in LCs are an exciting model system for exploration of princi-
ples for the design of active materials.
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We determine the rheological response of a suspension of E. coli for varying
cell densities and shear rates. Experiments were performed at moderate to
high shear rates with five different strains of E. coli varying in motor character-
istics like duration of run and tumble. Irrespective of the strains, at low densities
and at a fixed shear rate, the viscosity increased linearly with cell density akin
to a dilute suspension of passive rods. The strains with low run speeds, short
durations of run, and high rotary diffusivities exhibit lower viscosities
compared to strains with high run speeds and large run duration. Interestingly,
the latter exhibit a sharp decrease in viscosity at a critical volume fraction
signaling the presence of strongly coordinated motion. The presence of such
coordinated motion and the influence of
shear rate and cell density on their lifetimes
and length scales were confirmed by visual-
izing the motion of tracer particles in
sheared suspensions. Reduction in corre-
lated motion is observed for both increase
in shear rate and decrease in cell densi-
ty.The critical density depends not only
on the magnitude of shear but also the mo-
tor characteristics of cells.2918-Pos Board B610
Stabilizing and Controlling Swimming Bacteria: Shaping a Turbulent
Suspension into a Ferromagnetic State
Hugo Wioland1, Francis G. Woodhouse1, Jo¨rn Dunkel1,2, Enkeleida Lushi3,
Raymond E. Goldstein1.
1DAMTP, University of Cambridge, Cambridge, United Kingdom, 2MIT,
Cambridge, MA, USA, 3School of Engineering, Brown University,
Providence, RI, USA.
Dense suspensions of swimming bacteria are famous for self-organizing into
large and turbulent jets and swirls. Confining a dense Bacillus subtilis suspen-
sion into a flattened drop allows the stabilisation of a vortex (‘spin’), the struc-
ture of which results from a complex interplay between steric and
hydrodynamic interactions [Wioland et al., PRL 110, 268102 (2013)]. We
now couple up to 100 of such vortices inside microfluidic devices to create bac-
terial spin lattices. Depending on the vortex and coupling geometry, we were
able to reproduce ‘ferromagnetic’ and ‘antiferromagnetic’ bacterial vortex
states, that appear to be controlled by the subtle competition between bacterial
boundary layer flows and bulk dynamics.
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The bacterial flagellar motor (BFM) is a rotary molecular motor which is self-
assembled and embedded within the cellular envelope of many species of
swimming bacteria. Powered by a flux of ions across the cytoplasmic mem-
brane, the BFM rotates the helical flagellar filaments that propel the cell. It is
one of the best characterized large biomolecular complexes. In 2005, a
sodium-driven chimeric flagellar motor in E. coli at low energization and
low expression of torque-generating units was observed to take 26 steps per
revolution1. However, achieving sufficient spatial and temporal resolution to
resolve kinetics and discrete stepping behavior under normal energization con-
ditions and with multiple torque-generating units remains a challenge. We have
used a novel objective-type laser darkfield microscope to image small gold
nanoparticles attached to the hooks of rotating BFMs with sub-nanometer
and microsecond resolution. We present preliminary results for the stepping
behaviour of the BFM rotating at up to hundreds of revolutions per second
and with a varying number of torque-generating units.
